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ABSTRACT

Analysis of the turbulent kinetic energy (TKE) budget for five slightly unstable cases with swell has been

performed based on measurements of mechanical production, buoyancy production, turbulent transport, and

dissipation at five levels over the sea, from 2.5 to 26 m. The time rate of change and advection of TKE were

found to be small, so the TKE residual is interpreted as an estimate of the pressure transport term (Tp). In two

cases with high wave age, the Tp term is a gain at all heights. For three cases with smaller wave age, Tp is a loss

in the TKE budget below 5–10 m and a gain for greater heights, where the decrease is exponential, thus

showing the combined effects of swell waves and a range of waves traveling slower than the wind. The TKE

budget for a case with growing sea but similar wind speed and stability as some of the swell cases has Tp close

to zero at all heights. It is shown that the observed characteristic wind profile with either a low-level maximum

in the 5–10-m range or a distinct ‘‘knee’’ at that height is an effect of the Tp term.

1. Introduction

In Smedman et al. (2009, hereafter SH09) below, data

from the Baltic Sea Swell Experiment (BASE) were

used to study the characteristics of situations with swell,

defined as cp/U8 . 1.2, where cp is the phase velocity of

the dominant swell waves and U8 is the wind speed at

8 m. The measurements included data from an anchored

Air–Sea Interaction Spar (ASIS) buoy and a nearby

30-m tower in the height range 2.5 to 30 m above the

water. A particularly significant finding was a low-level

wind maximum or a distinct ‘‘knee’’ in the wind profile—

that is, an abrupt change from a layer with rapidly in-

creasing wind with height in a layer near the water sur-

face to a deep layer of virtually constant wind (extending

to the top of the unstable boundary layer at 200 m during

one day with balloon wind profile measurements). Such

phenomena were observed in all swell cases (comprising

147 half-hour mean values) during the roughly 45-day

measurement period. The wind maximum or the knee

was observed at 5–10 m above the water surface. As

discussed in SH09, previous observations of this phe-

nomenon in marine conditions are rare, the main reason

probably being that simultaneous observations of wind

profiles extending all the way from a couple of meters to

several tens of meters above the surface of the ocean are

rare.

In SH09, observed characteristics (beside the mean

wind profile) of the swell boundary layer include mean

profiles of shearing stress and of along-wind and vertical

velocity variances and of the u–w correlation. It was
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noted in SH09 that the atmospheric swell boundary

layer has characteristics that differ significantly from

nonswell boundary layers with similar 10-m wind speed,

U10, and Obukhov length, L. Thus, Monin–Obukhov

similarity does not apply and the surface shearing stress

is more or less strongly suppressed. The observed fea-

tures were compared with results from the large-eddy

simulations (LES) by Sullivan et al. (2004, 2008), and

good qualitative agreement was observed with the cor-

responding results for their ‘‘wind-following swell case

with light convection.’’ This agreement was considered

to be particularly remarkable in view of the great dis-

parity in wave slope: in the LES, the wave slope was 0.1,

in contrast with our values between 0.015 and 0.029.

A similar result was also obtained from the simple 1D

simulations of Hanley and Belcher (2008). An interest-

ing result of our study was the lack of sensitivity of the

results to the value of the angle between the swell and

the wind in the range 08 to 908.

No attempt was made in SH09 to explain the observed

features. This is the purpose of the present paper. The

starting point is the fact that the surface form stress must

be the key factor, as illustrated in the LES study of

Sullivan et al. (2008). During swell it produces a forward

thrust on the flow (which is balanced by the pressure

gradient force by a slight turning of the wind compared

to the nonswell case). This positive form stress is trans-

ferred to higher levels in the atmospheric boundary

layer by the pressure transport term, which can, in

principle, be obtained as a residual in the turbulent ki-

netic energy (TKE) budget, provided the individual

terms are determined with sufficient accuracy. A prob-

lem arises, however, for cases in which the wind is not

very low as a result of smaller-scale waves that are also

present at the surface of the ocean, riding on top of the

long swell waves and producing a negative form stress at

the surface. Provided there is enough energy in the ap-

propriate wavelength band (see below), this may lead to

a negative contribution to the pressure transport term in

the layer below the wind maximum or knee. Thus, for

these cases, the observed pressure transport term is ex-

pected to be the sum of the positive contribution from

swell and a negative contribution from shorter waves.

Section 2 gives a brief account of the experimental

data, section 3 provides the basic theoretical back-

ground, and sections 4, 5, and 6 contain results, discus-

sion, and conclusions, respectively.

2. Experimental data

A detailed account of the measurements is given in

Högström et al. (2008) and in SH09. Here only a short

summary of relevant information is given.

BASE took place during September–October 2003

around the Uppsala University Östergarnsholm field

station in the Baltic Sea. Turbulence measurements

were made with Gill R2/R2A sonic anemometers at five

levels, two of which are from an ASIS buoy (Graber

et al. 2000), 2.5 and 5.3 m above mean water level, and

the remaining three from the Östergarnsholm tower, at

nominal heights 10, 18, and 26 m above the water sur-

face. ASIS was moored in 30 m of water about 4 km

southeast of the tower, in the upwind direction for the

measurements discussed here. These measurements

provide most of the data needed for the analysis of the

TKE budget, but mean wind profile data are also re-

quired. Such measurements were made at 1.18 (only for

a limited period of time), 2.4, and 5.3 m on ASIS and at

the following heights on the tower: 8, 13, 16, 22, and

30 m above mean sea level. Additional measurements,

including surface waves and sea surface temperature,

were made from ASIS and from two directional Wave-

rider buoys moored in the area. Directional wave analysis

followed the description of Pettersson et al. (2003).

In SH09 detailed analysis was performed for five se-

lected cases with swell: C1, C2, and C3, which all have

wind direction roughly perpendicular to the swell pro-

pagation direction, and wave age cp/U8 equal to 4.7, 1.79,

and 1.61, respectively; cases F1 and F2 have a wind–

wave angle close to zero and cp/U8 equal to 4.6 and 1.73,

respectively. Each case is formed as a mean of data from

5 to 19 half-hour periods. The TKE analyses presented

here have been carried out for the same five cases.

3. Basic theoretical considerations

The form stress or pressure drag over a wave with

wavelength l is obtained from

(D
p
)

0
5

1

l

ðl

0

p
dh

dx
dx, (1)

where h is the height of the wave surface at position x

and p is the pressure on the surface at x. By writing

dh

dx
5

dh

dt

dt

dx
5 ~w

1

c
, (2)

where ~w is the vertical velocity at the surface and c 5 the

wave phase speed, Eq. (1) can be written

(D
p
)

0
5

1

l

1

c

ðl

0

( ~p ~w) dx 5
h ~p ~wi

c
, (3)

where ~p is the pressure at the wavy surface and h i de-

notes an average over one wavelength.
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A necessary requirement for (Dp)0 6¼ 0 is that there is

a phase shift between ~p and h that differs from 1808. The

LES of Sullivan et al. (2008) shows that in the case of

swell waves aligned with and leading the wind, ‘‘the

negative pressure pattern is shifted slightly behind the

wave crest hence the integration of the surface pressure

over the wave acts in the positive x direction implying a

thrust on the winds.’’ From analysis of the results pre-

sented in Sullivan et al. (2008), it can be concluded that

the phase shift is less than 1808 and only of the order 28.

For waves traveling slower than the wind (i.e., for nor-

mal wind seas), the pressure pattern is shifted slightly

ahead of the wave crest (phase shift over 1808) produc-

ing the opposite sign of the pressure drag, called (Dsf)0

below, and resulting in growth of the waves.

The pressure stress created at the surface of the ocean

must be transferred to the overlying atmosphere. The few

existing pressure fluctuation measurements (e.g., Elliot

1972; Donelan et al. 2006) support the results derived

from potential flow theory that wave-induced pressure

fluctuations decay as e2kz, where k is wavenumber 5

2p/l. Figure 13 in Sullivan et al. (2008) shows that when

the waves are moving, the variance of the vertical veloc-

ity decays with height approximately exponentially. The

Sullivan et al. (2008) model resolves only the large-scale

fluctuations, which near the surface are dominated by

wave-correlated velocities. Because of that, the pressure

stress,

D
p
(z) 5

p9(z)w9(z)9

c
, (4)

will decay exponentially with height and at a faster rate

than e2kz in the model results. The decay rate can be

estimated from Fig. 12 of Sullivan et al. (2008). It shows

the LES of normalized pressure stress as a function of

normalized height, z/zi, where zi is the height of the

boundary layer, for several situations. We have selected

their curve for ‘‘slight convection with waves traveling

with and faster than the wind’’ and replotted the result

(values for normalized pressure stress extracted manu-

ally from their plot for five equidistant values of nor-

malized height) in a linear–logarithmic representation

(Fig. 1). The data are indeed well described by a straight

line in this representation, implying that

D
p

5 A
0
e�B0kz, (5)

where A0 and B0 are parameters to be determined, with

A0 being equal to the form stress, (Dp)0 defined by

Eq. (1).

The parameter Bo can be determined from the slope

of the line in Fig. 1 provided the wavelength l and

the boundary layer height zi are known. According to

Sullivan et al. (2008), the following parameter values

were used in the LES: l 5 100 m and zi 5 400 m. With

these parameter values and the slope of the regression

line, 247.9, it is concluded that Bo ’ 1.9. The variance of

the vertical velocity does not behave in our data as it does

in the Sullivan et al. (2008) model, but because our data

also contain the small-scale fluctuations, this does not

imply that 1.9 would not apply to our data also. We will

therefore use Bo ’ 1.9 as an ad hoc assumption in the

analysis of our data. Below, the pressure transport term

is evaluated as a residual from the measurements of the

remaining terms of the TKE budget, so in principle it

would be possible to evaluate the parameter Bo, but the

uncertainty of the individual estimates of the present

data is such that this is not possible in practice. In fact,

the analysis described below, which assumes Bo 5 1.9,

was also made with Bo 5 1.0 (not shown). The details of

the results of this study were of course different from the

present, but the general results were essentially the

same. Thus, the numerical results must be regarded as

only semiquantitative. It is tempting to make use of

critical-layer theory (Miles 1957), which builds on the

concept of resonant wind–wave interaction. From this

theory it follows that there is a particular critical height

zcr, for each wave mode, defined by the phase speed of

that mode, c, and the relation

c 5 U(z
cr

), (6)

FIG. 1. Vertical profiles of the natural logarithm of normalized

pressure stress, Dp, obtained from large-eddy simulations by

Sullivan et al. (2008) for the case of ‘‘slight convection with waves

traveling with and faster than the wind’’ plotted against z/zi, where

z is the height above the water surface and zi is the height of the

boundary layer, here 400 m. The simulation is based on a mono-

chromatic wave with l 5 100 m. The circles are data extracted

manually from Fig. 12 of Sullivan et al. (2008). [Adapted from

Sullivan et al. (2008).]
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where U(z) is mean wind speed. Hristov et al. (2003)

used a linear filter (Hristov et al. 1998) to identify the

wave-induced airflow from measurements at the plat-

form R/P FLIP during oceanic conditions and found

very good quantitative agreement with the phase shift of

filtered w predicted by the critical-layer theory. This

theory is, however, still controversial. As pointed out by

a reviewer, a requirement for the theory to hold is cur-

vature in the wind profile. This is not valid for our swell

cases for the approximate height interval 2.5–8 m, where

the wind profiles are found to be close to linear (cf.

Figs. 3a,b of SH09). From Eq. (5), however, it is evident

that the pressure stress induced by the waves is strongly

wavenumber dependent. This means that short waves

can exert significant pressure stress influence to much

lower height than long swell waves. This is the important

point in the discussion to follow. Instead of the term

critical height we will use the looser term ‘‘height of

influence,’’ zw.

As will be discussed in detail later, the height of in-

fluence for the short waves is expected to be less than

about 8 m (the height of the knee in the wind profiles for

cases C2, C3, and F2). Returning for the moment to the

terminology of critical height, the simulations shown in

Hristov et al. (2003, their Fig. 1) indicate a very com-

plicated pattern for the region close to zcr. Thus, for the

height range involved, 0 , z , 8 m, z/zcr ’ z/zw is not so

small that we may expect Eq. (5) to be valid.

4. Results

a. Determination of the terms of the turbulence kinetic
energy budget

The turbulent kinetic energy budget for the general

case reads

›q92

2›t
Trc

1 U � $ q92

2

 !
Adv

5 u9w9
›U

›z
P

� g

T
w9u9

y

B

1
›

›z

wq92

2
T

t

1
1

r

›p9w9

›z
T

p

1 « (7)

Here, q92/2 is the instantaneous TKE 5 ½(u92 1 y92 1

w92), where u9, y9, and w9 are instantaneous deviations

of, respectively, the longitudinal, lateral, and vertical

wind components from their respective mean values;

U is the horizontal wind vector; U is the magnitude of

the mean wind, which varies with height z; g is acceler-

ation of gravity; T is mean temperature of the surface

layer in kelvins; uy is the instantaneous deviation of

virtual temperature from its mean; r is air density; p is

instantaneous deviation of air pressure; and « is dissi-

pation of TKE. The overbars represent averages (in the

present study, a time average over 30 min). The same

five swell cases that were selected for analysis in the

companion paper SH09 and, as a reference, one growing

sea case will be analyzed, each case being the mean of

5–19 half-hour periods (see Table 1 of SH09). That is,

each of the terms in (7) is evaluated separately for every

half-hour period and then a case average is derived.

The physical interpretation of the seven terms in (7)

is as follows: Trc 5 local time rate of change of TKE;

Adv 5 advection by the mean wind of TKE; P 5 shear

production of TKE; B 5 buoyancy production; Tt 5

vertical divergence of the turbulent transport of TKE;

Tp 5 vertical divergence of the pressure transport of

TKE; and « 5 dissipation of TKE. The analysis of

measured data (see the appendix) shows that the Trc

and Adv terms are generally much smaller than the

dominating terms on the right-hand side of the equation.

All terms except Tp can be evaluated directly from the

simultaneous turbulence measurements at two levels on

ASIS, 2.5 and 5.3 m above mean water level, and three

levels on the tower, 10, 18, and 26 m (see SH09 for de-

tails). In addition, for the derivation of the term P, mean

wind data from seven levels are required. The remaining

term, Tp, is derived as a residual. The evaluation pro-

cedures adopted for the terms P, B, Tt, and « are briefly

outlined below. For an in-depth analysis, see the ap-

pendix, where the procedures for the evaluation of mean

values of each term are given together with the deriva-

tion of error estimates.

1) Turbulence production:

P 5 u9w9
›U

›z
. (8)

This term is evaluated from measurements of the

shearing stress u9w9 and the mean wind gradient at

each turbulence level (2.5, 5.3, 10, 18, and 26 m, ap-

proximately).

2) The buoyancy term:

B 5� g

T
w9u9

y
. (9)

This term requires only the ‘‘raw’’ measurements of

turbulent flux of virtual temperature, which is very

nearly equal to the corresponding flux of ‘‘sonic’’

temperature, obtained directly from the sonic mea-

surements at each turbulence level, and estimates of

the mean temperature at each level.

3) The turbulent transport term Tt can be written

T
t
5

1

2

›

›z
(w9u92 1 w9y92 1 w93) 5

›w9E9

›z
. (10)
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Each of the three third-order terms w9u92, w9y92, and

w93 are obtained from the turbulence measurements

at the five turbulence levels and their sum is plotted

against height. From this kind of plot (one for each

case), graphic fits can be done from which estimates

of vertical derivatives can be obtained (see the ap-

pendix) as well as error estimates.

4) Dissipation, «.

Power spectra for the u component premultiplied by

frequency nSu(n) were plotted on a log–log scale

against frequency n for all five cases and heights

(2.5, 5, 10, 18, and 26 m). According to Kolmogoroff

(1941), and further assuming Taylor’s hypothesis to

be valid, the spectral curves in the inertial subrange

are expected to be straight lines with 22/3 slope in this

representation,

nS
u
(n) 5 a

1
«2/3 2pn

U

� ��2/3

, (11)

so that

« 5
2pn

U

nS
u
(n)

a
1

� �3/2

, (12)

Here a1 is a universal constant ’0.50 (cf. Högström

1990) and n must be chosen in the region with 22/3

slope. Details of the evaluation and error analysis are

given in the appendix.

5) The pressure transport term, Tp.

Because it was found (see the appendix) that the left-

hand-side terms of Eq. (7) are much smaller than the

right-hand-side terms (see below), the pressure

transport Tp, can be calculated as the residual (i.e., as

minus the sum of the terms P, B, Tt, and «). The

standard error of the mean for Tp is derived from the

expression

dT
p

5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dP2 1 dB2 1 dT2

t 1 d«2

q
, (13)

where dTp 5 standard error of the mean (s.e.m.) for

Tp, dP 5 s.e.m. for P, etc.

For each of the five swell cases (C1, F1, C2, C3, F2)

and the growing sea reference case, plots have been

made (Figs. 2a–f) showing the variation with height of

all the TKE budget terms, P, B, Tt, « and Tp. Corre-

sponding observations are circles, triangles, stars,

squares, and filled circles connected with full lines.

Also shown are hatched and dotted lines, which will

be discussed below. Note that the TKE scale varies to

a considerable degree between the cases, being less

than 65 3 1024 m2 s23 for cases C1 and F1 (Figs. 2a,b)

and 68 3 1023 m2 s23 for case F2 (Fig. 2e). Also

shown as insert figures in Figs. 2a–f are the mean wind

profile for each particular case.

As discussed in detail in the appendix, all identified

possible sources of error have been quantified and

included in estimation of the resulting standard error

of the mean for each of the terms P, B, Tt, and « and

are presented as error bars in the graphs for each case

and height. The corresponding error bars for Tp were

derived with Eq. (13). Generally speaking, some of

the error bars are large (particularly so for Tp), but

there are characteristic patterns that distinguish the

TKE plots for the high–wave age cases C1 and F1

from the relatively low–wave age cases C2, C3, and

F2. Thus, the TKE plots in Figs. 2a–f are, in a sense,

only semiquantitative, but there are no reasons to

expect them to be systematically biased.

b. TKE budgets for the five selected swell cases and
the growing sea reference case

General features of the TKE plots for the swell cases

are as follows: As expected from the wind profile shape

(insert figures), the mechanical production term 2P

either decreases rapidly with height up to about 8 m

(cases C2, C3, and F2) or is close to zero everywhere

(case C1 and F1, which have u9w9 ’ 0 at all heights),

being close to zero higher up for all cases. The buoyancy

production term B is virtually constant with height for

all cases. The turbulent transport term Tt is a small loss,

either height constant (cases C1 and F1) or decreasing

with height. Dissipation « is the dominant loss term,

which decreases with height.

The pressure transport term Tp (strictly speaking, the

residual) for the two cases with high wave age and low

wind speed, C1 and F1, is clearly negative at all heights

(except at 18 m for case C1, where it is slightly positive)

and, considering the width of the corresponding error

bars, it can easily be reconciled with a curve of the form

ae2bz, where a and b are constants. The dashed lines

indicate three alternative such curves, which are forced

to go through the observed value of Tp at 10 m, Tpm, and

through Tpm 6 s.e.m., respectively. Later, we will in-

terpret these curves in terms of the theory outlined in

section 3.

The Tp curves for the three remaining swell cases, C2,

C3, and F2, behave distinctly differently from cases C1

and F1, being positive at low heights but changing sign

slightly below 10 m, decreasing apparently asymptoti-

cally to zero with further increase in height.

In contrast to this persistent Tp pattern for the swell

cases, Fig. 2f shows that Tp is very small for the grow-

ing sea case, being in fact within 6s.e.m. of zero at

all heights. This pattern suggests that the Tp curves
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FIG. 2. TKE budgets for different cases, where open circles are measurements for P 5 mechanical production, triangles for B 5

buoyancy production, stars for Tt 5 turbulent transport, squares for « 5 dissipation, and filled circles for Tp 5 pressure transport, which

have all been connected with straight lines. Horizontal bars indicate 6standard error of the mean. Dashed lines indicate possible ex-

ponential functions for Tp (see text). Insert: the mean wind profile for the case. Cases (a) C1; (b) F1; (c) C2; (d) C3; (e) F2; and (f) for the

growing sea case. In (c)–(e), open stars and dashed line indicate positive TKE (see text).
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obtained for the swell cases may indeed be a signa-

ture of the effect of the wave field on the atmospheric

TKE.

c. A model for analysis of the pressure transport
mechanism

In SH09 it was observed that the wind profile has ei-

ther a clear maximum (case C1 and F1) or a distinct knee

(cases C2, C3, and F2) somewhere in the height range

5–10 m. From Eq. (5), it is reasonable to expect only

waves with sufficiently small wavenumber k (i.e., swell

waves) to influence the atmospheric boundary layer

structure well above 10 m; for lower levels, effects from

shorter waves riding on top of the swell waves may

contribute. According to Eq. (5), it is predicted that the

pressure stress from a monochromatic wave mode

would vary exponentially with height. This expression,

together with Eq. (4), enables an expression for the

pressure transport term

T
p

5
1

r

›p9w9

›z
5�A

0
B

0
kc

1

r
e�B0kz, (14)

where it is further assumed (see section 3 and Sullivan

et al. 2008) that B0 ’ 1.9. Inserting observed values for

the swell peak wavelength for cases C1 and F1 from

Table 1 of SH09 in (14), the dashed curves in Figs. 2a,b

are obtained. As noted previously, the curves are made

to go through the observed mean value for Tp at 10 m,

Tpm, and through Tpm 6 s.e.m., respectively. The ob-

served Tp curves with their respective error bars for

these two cases are seen to support this model within the

accuracy of the Tp estimates, in particular for case F1.

For cases C2, C3, and F2, we expect an influence of

short waves near the surface. It is reasonable to assume

that the height of influence for those waves ,zUmax (i.e.,

the height of the knee in the respective wind profile);

zUmax is around 7.5 m. For heights $7.5 m, it is assumed

that the observed Tp curve reflects exclusively the effect

of the swell waves, so that Eq. (14) with B0 ’ 1.9 is valid.

For z , 7.5 m, we write formally

(T
p
)

m
5 (T

p
)

exp
1 (T

p
)

s
, (15)

where (Tp)m is measured Tp, (Tp)exp is derived from

Eq. (14) for the case of the exponential curve going

through the measured value at 10 m, and (Tp)s is the

contribution to Tp from shorter waves. Thus, (Tp)s can

be derived with Eq. (15) for the heights 2.5 and 5 m. In

Figs. 2c,d,e they have been plotted with open star sym-

bols. For each of the cases C2, C3, and F2, a straight line

is an approximate fit for (Tp)s:

(T
p
)

s
5 C(7.5� z), z , 7.5 m, (16)

where C 5 d(Tp)s / dz, which is thus constant for each

particular case.

Equation (16) has no theoretical backing, being just

an approximate fit to the stars and the reasonable as-

sumption that (Tp)s is zero near z 5 7.5 m, which, as

noted above, is the approximate height of the knee in the

wind profiles. In fact, attempts to fit the observations

with Eq. (14) and observed wavelengths do not give

anything like acceptable results.

d. Interpretation of the results from the Tp analysis

In general, the drag at the surface, t 5�ru2
*0

, is the

sum of a tangential, or viscous, component, Dvisc, and a

form drag. The form drag has the same sign (minus) as

the tangential drag for waves traveling slower than the

wind, (Dsf)0, and the opposite sign (plus) for swell waves

(i.e., waves traveling faster than the wind), (Dp)0:

t 5�ru2
*0

5 D
visc

1 (D
sf

)
0

1 (D
p
)

0
. (17)

For swell situations in general, the magnitude of (Dp)0

may be greater than the magnitude of the sum

Dvisc 1 (Dsf)0, so that t is positive, implying that there is

a net upward transport of momentum. Such situations

have been observed over the ocean (e.g., Grachev and

Fairall 2001; Smedman et al. 1994) and in the LES of

Sullivan et al. (2004, 2008), but in our five swell cases, t is

either zero (cases C1 and F1) or negative.

For the swell form drag, we have, from Eq. (5),

(D
p
)

0
5 A

0
. (18)

A rough estimate of the form drag of the short waves,

(Dsf)0, can be obtained from the measurements, pro-

vided another assumption is made concerning the ver-

tical velocity–pressure covariance resulting from the

short waves, ( p9w9)s. Because the vertical derivative of

that term is zero at around 7.5 m, it is reasonable to

assume that ( p9w9)s is also zero at 7.5 m (otherwise it

would require a mechanism for it to survive to infinity

without further attenuation, which is unlikely). From

Eq. (16) and the relation (Dsf)05(p9w9)
s
/c

s
, where cs is a

wave phase speed characteristic of the short waves that

contribute to the drag (cf. below), we get

(T
p
)

s
5 C(7.5� z) 5

1

r

›( p9w9)
s

›z
5

1

r

›D
sf

›z
c

s
. (19)

Integration of this equation from the surface up to a

height z yields
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(D
sf

)
0

5
rC

c
s

7.5z� 1

2
z2

� �
1 const. (20)

Requiring Dsf 5 0 for z 5 7.5 m gives the surface value

of the form drag:

(D
sf

)
0

5 const. 5� r

c
s

28C. (21)

With the aid of the concept of wavelength-dependent

height of influence, it is possible to roughly identify the

maximum wavelength that contributes to the form drag

of the short waves. In terms of critical height theory, the

basic requirement is that the height zcr , zUmax, where

zUmax is the height to the wind maximum or knee. If we

further assume that zw ’ zcr, this gives a corresponding

maximum wave phase speed cmax 5 Umax. Assuming the

deep-water relation

c 5

ffiffiffiffiffiffi
gl

2p

r
, (22)

we obtain the corresponding wavelength

l
max

5
2p

g
U2

max (23)

and the corresponding frequency

n
min

5
U

max

l
max

. (24)

Table 1 lists derived values for nmin, lmax, and Umax5

cmax for the five swell cases. When determining (Dsf)0

with Eq. (21), cs is arbitrarily set equal to cmax, which

means that the value obtained for (Dsf)0represents the

lower bound (because cs # cmax).

Figures 3a–f show mean 1D wave spectra from the

ASIS buoy for the five swell cases and the growing sea

case, respectively. For cases C1 and F1 (Figs. 3a,b) there

is little energy above nmin 5 1.1 Hz, which, in accordance

with the above reasoning, would create a negative form

drag. This is in agreement with our interpretation of the

Tp curves for these two cases as being simply due to

positive form drag from the swell waves. Figures 3c, 3d,

and 3e, on the other hand, show that the respective

spectra for cases C2, C3, and F2 indeed have energy for n

$ nmin (which value is indicated in each of the plots).

Using the defining equation for the critical height, Eq.

(6) gives zcr 5 0.3 m for the growing sea case, in stark

contrast to what is obtained for the swell cases (this

being true in an order of magnitude sense also for the

more loosely defined term height of influence, zw). This

is in agreement with the finding (Fig. 2f) that Tp ’ 0 at all

heights for this case.

Table 2 lists measured total stress ru2
*0

; the form drag

of swell waves (Dp)0 and short waves (Dsf)0, respec-

tively; the viscous stress, Dvisc [derived as a residual from

Eq. (17)]; and the ratios of (Dp)0 and (Dsf)0 to

ru2
*0

1 (Dp)0. For young seas,

(D
sf

)
0
/[ru2

*0
1 (D

p
)

0
] 5

(D
sf

)
0

ru2
*0

5�a
c
, (25)

where ac is the coupling parameter, which shows how

much of the total stress at the surface is supported by

the form drag. Makin and Kudryavtsev (1999, their

Fig. 4.11) present simulations and laboratory data by

Banner and Peirson (1996), which indicate clearly that

ac is strongly wind speed dependent, with values in the

range 0.2–0.3 for U10 5 4 m s21. Direct comparison with

our measurements for cases that include contributions

from swell is not straightforward, so we add (Dp)0 to

ru2
*0

in the denominator. For cases C2, C3, and F2,

(Dsf)0/[ru2
*0

1 (Dp)0] is found to be in the range 17%–

56%, which is in reasonable agreement with the results

of Makin and Kudryavtsev (1999), particularly consid-

ering that (Dp)0 and (Dsf)0 are expected to have the

same degree of uncertainty as Tp, typically 650%. An

important uncertainty in the determination of (Dsf)0

comes from arbitrarily setting cs 5 cmax as noted above.

The corresponding ratio for the form stress from

swell, (Dp)0 /[ru2
*0

1 (Dp)0] is in the range of 15%–27%

for cases C2, C3, and F2. This should be compared with

corresponding values reported by Sullivan et al. (2000,

their Fig. 10) from direct numerical simulations, which

shows the form drag to be ,;5% of the total stress for

c/u* . ;15 (i.e., for swell waves). This must be regarded

as close enough considering the expected degree of

uncertainty of our data (650%, as reported above).

e. Deriving a hypothetical nonswell wind profile by
removing the pressure transport term

Neglecting the left-hand side terms of Eq. (7), the

wind gradient ›U/›z can be expressed in terms of the

TKE budget by dividing through with u9w9:

TABLE 1. Frequencies nmin in wave spectra corresponding to

approximate height of influence of short waves for the five swell

cases; lmax is the corresponding wavelength and Umax the wind

speed at the maximum or knee 5 cmax.

Case nmin (Hz) lmax (m) Umax (m s21)

C1 1.1 1.2 1.4

F1 1.0 1.6 1.6

C2 0.39 10 4.0

C3 0.35 13 4.5

F2 0.29 18 5.4
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›U

›z
5� 1

u9w9
� g

T
w9u

y
9 1

›

›z

w9q92

2
1 T

p
1 «

 !
. (26)

For cases C2, C3, and F2, integration of Eq. (26) from the

ground to height z should, by definition, give the observed

wind profile for this height interval (this procedure is not

possible for cases C1 and F1 for which u9w9 5 0). The ef-

fect of the pressure transport term on the wind profile can

be obtained by isolating the corresponding term from (26):

›U

›z

� �
T

p

5�
T

p

u9w9
. (27)

FIG. 3. Mean 1D wave spectra for different cases, measured at the ASIS buoy; nswell is the frequency used in the calculations in the text.

Cases (a) C1; (b) F1; (c) C2; (d) C3; (e) F2; and (f) for the growing sea case. In (c)–(e), nmin indicates the lower frequency limit for

contributions to the nonswell form drag.
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Integrating Eq. (27) from the lowest measuring point

2.56 m to a height z,

U(z)�U(2.5m) 5

ðz

2.5m

T
p

u2
*

dz, (28)

gives the contribution from the pressure transport term

to the observed wind profile. To reduce scatter, Tp was

taken from the empirically derived expressions for the

sum of the exponential and the linear expression below

7.5 m for each case and as the exponential expression for

z . 7.5 m; also, u9w9 was taken from the measurements

for the heights 2.56, 5.3, 10, 18, and 26 m (Fig. 9 in SH09).

Linear interpolation of Tp/u9w9enabled evaluation of

second-order polynomials of DU(z) for each of the five

height intervals.

In Fig. 4 the original, measured wind profile (curve

with circles) and the corresponding wind profile ob-

tained after subtracting the contribution from Eq. (28)

(curve with triangles) is shown for one case, F2. The

figure illustrates how the characteristic knee feature in

the original swell profile completely disappears when

the pressure transport effect is removed. A similar result

is obtained for cases C2 and C3 as well (not shown),

which both have modified wind profiles with wind gra-

dients that decrease monotonically with height.

5. Discussion

Studies over the sea with simultaneous measurements

at several levels from 2.5 to 30 m are rare. In fact, many

measurements start at around 10 m. This means that the

wind speed maximum or knee at 5–10 m is not observed.

This was the case with previous measurements during

swell at Östergarnsholm (e.g., Smedman et al. 1999). In

that case it was noted that the wind gradient above

8 m was slightly negative, indicating that a wind maxi-

mum must be present at some lower height; Tp was

calculated as a residual term of the TKE budget (in a

similar manner to what was done here) and at 10-m

height this term was observed to be negative and of the

same order of magnitude as in the present study. Similar

observations were made in other studies based on mea-

surements from the same site (Rutgersson et al. 2001;

Sjöblom and Smedman 2002, 2003). Based on an analogy

with the findings from a previous study at another site in

the Baltic Sea (Smedman et al. 1994), these authors

suggested the observed pressure transport at 10 m to be a

result of inactive turbulence being transported down to-

ward the surface from a strong shear zone at the top of the

boundary layer and not upward from the swell waves.

The Tp curve of Smedman et al. (1994) was obtained as

a combination of measurements on a tower and from an

instrumented aircraft. The plot, reproduced here (with an

addition of possible extrapolations) as Fig. 5, shows a

rapid decrease of 2Tp with height from the surface up to

a height of around 0.3zi (where zi is the height of the

boundary layer), at which point it starts increasing with

height to a maximum around 0.6zi, which is the height of

maximum wind shear. In light of the present study, it is

natural to interpret this curve as the sum of two con-

tributions—as indicated with possible extrapolations in

Fig. 5—one derived from the elevated wind maximum

and the other from the form drag of the swell waves. In

the present study we see no sign of a contribution from

higher levels; rather, the graphs (Figs. 2a–e) give an im-

pression of asymptotic decrease with height toward zero.

The present measurements were made in the Baltic

Sea, with unidirectional swell of fairly small amplitude

and slope factor (Table 1 of SH09). Typical swell waves

over the World Ocean may be multidirectional and have

much larger amplitude. The present study does not give

any information on how changes in these parameters may

affect the outcome. In SH09 comparisons were made with

results from the large-eddy simulations of Sullivan et al.

(2008). The simulated swell waves have a significant wave

height of 4 m, compared with 0.2–0.6 m in our case, and a

wave slope factor of 0.1 as compared with 0.015–0.03 in

our case. Nevertheless, the LES for the case with wind-

following swell and slight convection agrees qualitatively

well with our results.

Thus, it appears possible that the atmospheric effects

from the wave field are rather robust, in the sense that as

long as there is a well-defined swell peak in the wave

TABLE 2. Measured total stress, ru2
*0

(kg s22 m21); estimated form stress from swell waves, (Dp)0, and from short waves, (Dsf)0; and

estimated viscous stress, Dvisc. Last two columns give ratios of (Dp)0 and (Dsf)0 to ru2
*0

1 (Dp)0.

Case ru2
*0

3 103 (Dp)0 3 103 (Dsf)0 3 103 Dvisc 3 103
(Dp)0

ru2
*0

1 (Dp)0

3 100
(Dsf )0

ru2
*0

1 (Dp)0

3 100

C1 0.0 1.3 0 21.3 100 0

F1 0.0 0.5 0 20.5 100 0

C2 11.1 4.2 28.6 26.7 27 256

C3 23.4 5.6 211.0 218.0 19 238

F2 43.1 7.7 28.7 242.0 15 217
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spectrum, the characteristic effects on the boundary

layer structure that we observe in this study—a low-level

wind maximum or knee and nonvalidity of Monin–

Obukhov similarity—seem not very sensitive to the

details of the wave spectrum. Thus, for example, the

observed atmospheric characteristics for cases C1 and

F1 are very close, which contrasts strongly to the very

dissimilar wave spectra (Figs. 3a and 3b, respectively).

Also, cases C2, C3, and F2 have strong similarities in

wind profile shape and TKE budget details, but the

corresponding wave spectra (Figs. 3c, 3d, and 3e, re-

spectively) vary considerably in their details. For these

characteristic atmospheric features to occur, however,

the swell component must dominate energetically over

corresponding contributions from shorter waves. Thus,

the growing sea case wave spectrum (Fig. 3f) has a

pronounced young sea maximum for n ’ 0.4 Hz but also

an additional small swell peak at n ’ 0.17 Hz. The cor-

responding TKE budget (Fig. 2f) has Tp ’ 0 at all

heights and wind increasing monotonically with height,

showing no evidence of swell effects. This is consistent

with Drennan et al. (2005), who found nondominant

swell waves to have little impact on effective sea surface

roughness and air–sea momentum exchange.

6. Conclusions

All terms of the turbulence kinetic energy budget

except the pressure transport term,Tp, but including the

local time rate of change of TKE and the horizontal

advection term, could be determined directly from

measurements for five cases with dominant swell and

one reference case with growing sea. This enabled rea-

sonably accurate estimates of the pressure transport

term Tp to be made. It was demonstrated that for two

cases with cp/U8 ’ 5, this term is a gain, the magnitude of

which decreases asymptotically to zero at great heights.

Analytically, this decrease is well described by e21.9kz,

where k is the wavenumber of the dominant swell waves,

a result that is in agreement with published results

from large-eddy simulations of atmospheric flow over

monochromatic swell waves. For three cases with cp /U8

in the approximate range 1.5–2, Tp decreases similarly

above about 10 m but is positive (i.e., a loss) at lower

heights. This was interpreted as signatures of shorter

waves riding on top of the swell. Thus, the observed Tp

curve for these cases was treated as the sum of a nega-

tive, exponentially decaying function, caused by a posi-

tive form drag from the swell waves and a contribution

of opposite sign decreasing approximately linearly with

height for z , 10 m, which is produced by negative form

drag.

By integration of the observed exponential and linear

curves for Tp, it was possible to derive approximate es-

timates of the form drag at the surface from swell and

shorter waves, respectively. The ratio of these contri-

butions to the sum of observed shearing stress and swell

form stress at the surface compare favorably with results

from previous studies.

A reference wind-sea case, with wind speed and sta-

bility similar to one of the swell cases but with cp/U8 5

0.63, shows Tp ’ 0 at all heights.

FIG. 5. Reanalysis of airborne and tower measurements of

Smedman et al. (1994). Measured TKE imbalance term (solid line

on right), imbalance interpreted as pressure transport (crosses and

circle), wind profile (solid line on left), time rate of change of TKE

(curve with triangles). Thin dashed lines indicate possible exten-

sions of two separate curves that could make up the net imbalance;

zi is depth of the boundary layer, 1200 m.

FIG. 4. Original wind profile for case F2 (curve with open circles)

and the corresponding profile obtained after subtraction of the

contribution from the pressure transport term (curve with triangles).
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The mean wind gradient ›U/›z can be expressed as

the negative of the sum of the buoyancy term, the tur-

bulent transport term, the pressure transport term, and

the dissipation term divided by u9w9 [Eq. (26)]. Thus, by

subtracting the term Tp/u9w9 and integrating with re-

spect to the height z, it was possible to study the influ-

ence of this term on the mean wind profile for three swell

cases with u9w9 6¼ 0. This procedure produces a wind

profile that increases monotonically with height, thus

strongly suggesting that the observed feature found for

these cases of a knee in the swell wind profiles is caused

by the pressure transport term. The two cases with a

clear wind maximum around 6–8 m above the water

surface could not be subjected to this test because there

u9w9 ’ 0.

The findings from this study cannot simply be used to

extrapolate to results more typical of oceanic conditions

with larger wave heights and multicomponent swells, but

the results appear to be fairly robust with regard to the

details of the wave field, the important issue being the

presence of a pronounced swell peak in the wave spec-

trum. The characteristic atmospheric features that ensue

are (i) a wind profile with either (for relatively large cp/U8)

a wind maximum at low height—in this case 5–10 m—or a

distinct knee structure (i.e., rapidly increasing wind below

this same height and approximately constant wind above);

(ii) nonvalidity of Monin–Obukhov similarity theory; (iii)

more or less strongly reduced shearing stress at the sur-

face, sometimes even positive net stress (i.e., the swell

waves deliver momentum to the airflow); and (iv) the

effect of the swell waves on the atmospheric boundary

layer (ABL) being global, as noted by Sullivan et al.

(2008) (i.e., it may extend throughout the ABL). From the

present study it appears also that the atmospheric re-

sponse is rather insensitive to the wind–swell angle within

6908—a result that (as shown in SH09) is expected from

the wind flow geometry over the swell waves in a coor-

dinate system moving with the wave system.
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APPENDIX

Evaluation of Mean Values of Each Term of the TKE
Budget and of Corresponding Error Estimates

a. The production term, P

For the tower levels, the following expression was

used:

P(z
j
) 5 u9w9(z

j
)

U(z
j11

)�U(z
j�1

)

z
j11
� z

j�1

, (A1)

where zj denotes one of the three turbulence levels and

zj11 and zj21 are the anemometer levels closest above

and below the turbulence level zj; u9w9 (zj) was evalu-

ated in section 2d of SH09 and shown in Fig. 9 of that

paper.

Near the surface the wind speed varies rapidly with

height, and the above method is not satisfactory. For

cases C2, C3, and F2, the reasonable hypothesis is made

that close to the surface the wind profile converges to the

logarithmic form, which can be written in dimensionless

form:

u
m

5
kz

u�

›U

›z
5 1, for z! 0, (A2)

where k is the van Karman constant 5 0.40 and

u* 5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�(u9w9)

0

q
. For z 5 5.3 m, um can be evaluated

with an interpolation formula similar to (A1):

(u
m

)
5.3m

5
k5.3ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

(�u9w9)
5.3

q U
8.1
�U

2.4

8.1� 2.4
. (A3)

It is further assumed that um varies linearly from unity at

the surface to the value derived with (A3) at 5.3 m. From

this relation, um at 2.56 m can be derived and hence

P
2.56

5
u3

*
k2.56

(u
m

)
2.56

, (A4)

where u* 5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�(u9w9)2.56

q
. In a corresponding way, P5.3

is obtained from an expression formally similar to

Eq. (A4), but with (um)5.3m taken from Eq. (A3) and

u* 5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�(u9w9)5.3

q
and, of course, with 5.3 instead of

2.56 in the denominator. Estimates of P were evaluated

for each individual half hour. For cases C1 and F1, u* 5

0, and P is zero at all heights.

ERROR ANALYSIS FOR THE TERM P

The net error in P [cf. Eq. (A1)] results from a com-

bined uncertainty in u9w9 due to the finite sampling ef-

fect, (s.e.m.)P, and a systematic component, dP, and
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from the measuring accuracy in U(zj11) and in U(zj21),

dU. Here

(s.e.m.)P 5
s

Pffiffiffiffi
N
p , (A5)

where sP 5 standard deviation of the N 30-min means

that make up a case.

The systematic component dP results from inaccurate

performance of the individual sonic instruments. From

plots of vertical profiles of u9w9 and from an instrument

intercomparison study [see Högström and Smedman

(2004), in which sonic anemometers were compared in

the field with the very accurate Uppsala University

Meteorology Group (MIUU) instrument], it was con-

cluded that this term can be given as dP ’ 0.07P.

The error in wind speed dU ’ 0.05 m s21, so the error

in DU ’ 0.07 m s21 and the corresponding error in P is

dP
U

’
P

DU
dU ’

0.07

DU
P. (A6)

Thus, the combined error in P is obtained from

dP ’

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
[(s.e.m.)P]2

1 (0.07P)2
1

0.07P

DU

� �2
s

. (A7)

Here, the last term under the square root sign is much

smaller than the other two terms (note that 0.07 in this

term is in m s21).

b. The buoyancy production term

The buoyancy term

B5�g/T w9u9
y
.

As shown in Table 1 of SH09, w9u9
y

ranges from about

1.7 3 1023 m s21 K for cases C1 and F1 to 21 3

1023 m s21 K for case F2. The standard error of the mean

B for each height and case was evaluated and plotted as

error bars in the TKE plots. Note that although the B

curves may vary to some extent with height, it is not

possible to discern any systematic pattern.

c. The turbulent transport of TKE, Tt

T
t
5

1

2

›

›z
(w9u92 1 w9y92 1 w93) 5

›w9E9

›z
. (10)

Thus, each of the third-order moments w9u92, w9y92, and

w93 must be evaluated and summed at each of the five

turbulence levels. Then regression curves must be deter-

mined from which, in turn, the required derivative will be

extracted. Third-order turbulence moments require, how-

ever, very long time averaging to converge to their en-

semble averages (cf., e.g., Monin and Yaglom 1971). Thus,

due account must be taken of the statistical uncertainty.

Figure A1 illustrates the procedure. The quantity w9E9 has

been plotted for case C1 as a function of height. Calculated

mean values are shown as filled circles. Also shown, as

error bars, is the standard error of the mean, s.e.m. 5

s/
ffiffiffiffi
N
p

, where s is the standard deviation and N the num-

ber of half-hour periods for each case (here N 5 10).

It is obvious from the figure that the uncertainty of

every estimate of the mean is great. Requiring a best-fit

curve to pass between the limits of 6s.e.m. for each level

indicates that for this particular case, a linear fit is a

reasonable approximation. The three lines drawn in the

figure have the respective slopes of 21.3 3 1025, 22.0 3

1025, and 22.7 3 1025 m2 s23. Thus, for case C1, Tt 5

const 5 22.0 3 1025 6 0.7 3 1025 m2 s23.

Similar procedures have been adopted for each of the

six cases (five swell cases and one growing sea case).

Only cases C1 and F1 give a straight-line best fit for

wE(z), with the remaining cases having curves with

significantly greater slope near the surface than higher

up (not shown). The expected relative uncertainty in the

estimates of Tt is, however, similar to that shown above

for case C1. In the TKE plots, the estimates of 6s.e.m.

for Tt is indicated with error bars.

d. The dissipation term, «

Invoking Taylor’s hypothesis, « can be derived from

inertial subrange u component spectra:

« 5
2pn

U

nS
u
(n)

a
1

� �3/2

. (12)

FIG. A1. The quantity w9E9 plotted as a function of height for

case C1. Filled circles are mean values; horizontal bars 6standard

error of the mean. Three straight lines have been drawn to repre-

sent, respectively, a mean and a likely range of fits. Corresponding

values for the slope are given.
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Here a1 is a universal constant ’0.50 (cf. Högström 1990

and the text below) and n must be chosen in the region

with 22/3 slope.

Many of the u spectra have upward-turning high-

frequency tails (an effect of electronic noise, particularly

evident for low wind speed), this being particularly ev-

ident in the measurements from the two ASIS levels, but

also, to a lesser extent, in the spectra from 18 and 26 m.

The 10-m spectra are, however, virtually free from this

kind of problem, experiencing a clean 22/3 regime for

most of the frequency range 0.2 Hz , n , 9 Hz.

For each of the six cases (five swell cases and one

reference growing sea case), mean spectra for all five

levels were plotted together in log–log representation

(not shown). For cases C2, C3, and F2 the upward-

turning high-frequency tails usually start at a frequency

above 1 Hz, and it was considered reasonable to draw

lines with 22/3 slope parallel to the corresponding 10-m

curve in each plot. For cases C1 and F1, the spectral

levels rise rapidly around 0.1 Hz for the two ASIS levels;

for the spectral range 0.1 , n , 1 Hz the corresponding

spectra experience large scatter, but a lower level with

reasonable 22/3 slope can be identified.

ERROR ANALYSIS FOR THE TERM «

The uncertainty in the estimates of dissipation derives

from several possible sources, which will each be con-

sidered separately and together to form a net error d«:

The uncertainty in the Kolmogoroff parameter a1: Ac-

cording to Table 1 of Högström (1990), which lists re-

sults from 20 datasets, the best estimate after correction

for fluctuation convective velocity is 0.50, with s.e.m.

0.03, that is, da1/a1 ’ 0.06. As noted above (in the

analysis of the error in P), dU ’ 0.05 m s21. The third

term under the square root sign is due to the variation of

the values for the individual 30-min mean spectra within

a case.

The last term under the square root sign is an attempt

to evaluate the effect due to inadequate adaption to true

inertial subrange conditions. Thus, the ratio nSw(n)/

nSu(n) is predicted to equal 4/3 in the inertial subrange.

Actual values for z 5 10 m scatter around 1.3 for cases

C2, C3, and F2 in the frequency range 1 , n , 9 Hz. For

cases C1 and F1, there is a reasonably well-defined 22/3

slope in the u spectrum for this level in the frequency

range 1022 , n , 1 Hz (and a high-frequency tail for

1 , n , 9 Hz) but a nonmonotonic curve shape in the

corresponding w spectrum, indicating that a final 22/3

region has not been reached for nSw(n) for n , 1 Hz. It

is, however, reasonable to conclude that the level of the

long 22/3 slope of nSu(n) is likely to give an acceptable

estimate of « for C1 and F1 as well. The spectral ratio has

only been evaluated for the 10-m level because of the

upward-turning high-frequency tails encountered fre-

quently in the spectra for the other levels (which are due

to electronic noise). Nevertheless, it seems a reasonable

conclusion that, in an average sense, unbiased estimates

of « are likely obtained from evaluation of the 22/3 re-

gions of the u spectra at all heights and for all cases.

However, the fourth term in Eq. (A8) takes into account

the observed deviation in the nSw(n)/nSu(n) ratio from

the ideal value of 4/3. Thus, with the value of the ob-

served spectral ratio 5 k, the last term is assumed to be

[3/2(k 2 1.33)/1.33]2.

e. Left-hand-side terms of the TKE budget, Eq. (7)

1) THE TIME RATE OF CHANGE TERM, TRC

Trc 5
›q92

2›t
5

1

2

›

›t
(u92 1 y92 1 w92). (A9)

This term was first evaluated for the 10-m height for all

five swell cases and the growing sea case by linear re-

gression of the trend in q92/2 from the series of consec-

utive 30-min means. For cases like C1, which consists of

two periods widely separated in time, separate regres-

sion was performed for each subperiod, and the mean

slope for the two periods was chosen to represent the

case. Table A1 gives derived values of ›E/›t 5 d10 for

10 m (where E 5 q92/2). All values are on the order of

1026 m2 s23. As seen in the main text, the derived value

for Tp at 10 m is of particular interest in the analysis of

the TKE results. Because of this, the ratio d10/Tp10 is also

given in Table A1. For cases C2, C3, and F2 this quantity is

very small; for cases C1 and F1 it is 0.11 and 0.18 respec-

tively, which is, however, also small considering the un-

certainty of Tp10. Also given in Table A1 are the Trc term

for 2.5, 5, 18, and 26 m for cases C1 and F1, showing that

this term is of similar magnitude at all heights.

2) THE ADVECTION TERM, ADV, OF EQ. (7)

This term was evaluated from the simultaneous

measurements at the Östergarnsholm tower and ASIS,

so the advection term becomes

d« 5 «

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

2

da
1

a
1

� �2

1
dU

U

� �2

1
3

2

d[nS
u
(n)]

nS
u
(n)

� �2

1

1
3

2

d[nS
u
(n)]

nS
u
(n)

� �2

2

s
. (A8)
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U � $ q92

2
’ U

8
cos(u� 1108)(E

tower
� E

ASIS
)/4000,

(A10)

where U8 is the wind speed at 8 m; the connection line

between the two sites is roughly 4000 m long and ori-

ented along 1108; f is the wind direction; Etower is the

measured TKE at 10 m on the tower; and EASIS 5 E5 1

a, where a is a correction for the mean variation of E

from 5 to 10 m, obtained from profile plots of E(z). As

seen from Table A1, the advection term is of the same

order of magnitude as the time rate of change term or

smaller. For case C1 it is 15% of Tp10, but for the other

cases it is less than 3%. Note that for this case the two

imbalance terms Trc and Adv are of similar magnitude

but of different sign, so that their sum divided by Tp10 is

just 0.04.

In conclusion, both the left-hand-side terms of Eq. (7)

are of insignificant magnitude for all cases. For cases C2,

C3, F2, and ‘‘growing sea,’’ the magnitude is so small

that they could not be distinguished from the zero line if

plotted in the corresponding TKE graphs, Figs. 2c–f. For

cases C1 and F1 the two terms could just barely be dis-

tinguished if they were included in Figs. 2a,b. But for the

sake of clarity they have not been included in these plots,

as their magnitude is small compared to the uncertainty

of the other terms.
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——, U. Högström, H. Bergström, A. Rutgersson, K. K. Kahma,

and H. Pettersson, 1999: A case study of air–sea interaction

during swell conditions. J. Geophys. Res., 104, 25 833–

25 851.
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